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GaN single-crystalline layers were grown by reactive radio-frequency magnetron sputter epitaxy using
N2/Ar ambient gas and Ga target. The GaN layers were grown directly on Al2O3 (0001) substrates and
GaN/Al2O3 templates. The crystalline quality and the surface morphology of GaN layer depending on
substrate temperature and N2 composition ratio, were measured. The crystalline quality of GaN layer was
improved by increasing substrate temperature and also decreasing N2 composition ratio. The full-width
at half-maximum (FWHM) value of X-ray rocking curve (XRC) of GaN layer grown on Al2O3 at 900 C and
6% N2, was 27 and 338 arcsec for highly c-axis oriented columnar domains and disordered structure
inside the GaN layer, respectively, for (0002) plane. The FWHM values of XRCs of the GaN layers on GaN/
Al2O3 for both (0002) and (1012) planes, decreased with the increase of substrate temperature, and at
above 890 C they were similar to those of the metal-organic vapor phase epitaxy-grown GaN template,
which were approximately 300 and 310 arcsec, respectively. The threading dislocation densities were
also estimated using the FWHM values of XRCs, and those of GaN layers on GaN/Al2O3 were considerably
decreased as compared with those on Al2O3 at substrate temperatures more than 890 C.
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
GaN and related alloys have been extensively investigated for
their potential applications in optoelectronic and high power
electronic devices [1e3]. Recently, GaN has also been used as a
photoelectrode in an inorganic artiﬁcial photosynthesis system in
which the selectivity of photoelectrochemical CO2 reduction could
be controlled [4,5]. In such electronic device applications, the GaN
and other related materials have been prepared preferentially by
metal-organic vapor phase epitaxy (MOVPE) [6,7], while molecular
beam epitaxy (MBE) [8] could also bring high quality GaN layers. In
the production of the potential GaN and related materials, a sput-
tering technique may have an advantage, because the sputtering
process is a very simple and a low cost process. Single-crystalline
GaN layers could be grown at relatively high substrate tempera-
ture above 700 C [9e13]. Electronic-grade GaN (0001) epilayers
with low threading dislocation density on order of1010 cm2 have
been grown directly on Al2O3 (0001) substrates at 700 C by reac-
tive direct-current (DC) magnetron sputter epitaxy [13]. However,noda).
Ltd. This is an open access article u̅
the crystalline qualities of the GaN and related materials prepared
by the sputtering process might be not enough in the applications
mentioned above. In the growth of GaN by the sputtering technique
using Ga target, N2/Ar mixture gas was usually used as an ambient
gas. A sputtering rate of Ga target by Arþ ion is thought to be larger
than that by Nþ and/or N2þ ions due to larger mass of Arþ ion than
Nþ and/or N2þ ions. Therefore, the increase of Ar composition ratio
in N2/Ar mixture gas will bring the increase in the density of Ga ﬂux
as compared with that of nitrogen ﬂux reaching onto growing GaN
layer surface. In our previous article [12], we have reported the
growth of GaN layer on Al2O3 (0001) substrate by radio-frequency
(RF) sputtering method at a range of 30e100% N2 composition ra-
tios in N2/Ar mixture gas, and at relatively low N2 composition
ratios the crystalline quality was improved considerably. Thus, also
in the sputtering method, Ga-rich growth condition seems to bring
a high quality GaN layer as well as in the MBE [14]. However, the
effect of growth conditions such as substrate temperature and
ambient gas on the properties of GaN layers have not been well
understood.
In this paper, we describe the crystalline and other properties of
GaN layers grown on both Al2O3 (0001) substrates and GaN/Al2O3
templates by reactive RF magnetron sputter epitaxy, depending on
both substrate temperature and N2 composition ratio in N2/Arnder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. Growth rate of GaN layer, depending on substrate temperature. N2 composition
ratio in source N2/Ar mixture gas is 40%. The dashed and dottededashed curves are
evaluated by a mass transport limited model and a precursor-mediated chemisorption
model, respectively.
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2. Experimental details
The GaN layers were grown in a laboratory-made RF magnetron
sputtering systemwith a conventional electrode conﬁguration. A 6-
N grade 3-inch Ga target placed in an inconel-made dish was
maintained on a lower cathode electrode. The surface contamina-
tion layer of the Ga target was sufﬁciently removed by pre-
sputtering process. Source N2/Ar gas (6-N grade) mixture was pu-
riﬁed by a liquid N2 trap in order to remove residual oxygen and
water vapor. The growth chamber was evacuated to a pressure less
than 1.33  107 Pa with a turbomolecular pump just prior to
introducing source N2/Ar mixture gas. The N2 composition ratio in
N2/Ar mixture gas was controlled with both N2 and Ar gas ﬂow
rates, and total gas ﬂow rate was 4 or 5 sccm. The gas pressure
during the growth in the chamber was kept at 0.66 Pa. A 13.56 MHz
RF oscillator was used to generate the plasma, and the RF power
was kept at 70 W. Prior to the growth of GaN layer, Al2O3 (0001)
substrate and GaN/Al2O3 template were thermally cleaned in the
growth chamber at above 600 C for 1 h. The GaN layers were
grown directly on Al2O3 (0001) substrates and GaN/Al2O3 tem-
plates without any buffer layer. At the commercial GaN/Al2O3
template, the GaN layer with the full-width at half-maximum
(FWHM) values of 300 and 320 arcsec (labeled by supplier) of X-
ray rocking curve (XRC) for both symmetric (0002) and asymmetric
(101
̅
2) planes, respectively, was grown on Al2O3(0001) substrate
with 20-nm-thick low-temperature (LT) GaN buffer layer by
MOVPE. The substrate temperature was varied at range of
600e1050 C. DC bias voltage was not supplied to the substrate
during the growth, and the substrate was at ﬂoating potential. The
plasma potential could not be measured. In the X-ray diffraction
(XRD) measurement of GaN layer obtained, two kinds of equip-
ments (Rigaku RINT-2000 and Bruker D8 Discover) were used to
evaluate crystalline quality. In the use of the Rigaku RINT-2000, all
XRD measurements were performed in a step scan mode with a
step of 0.005, using divergence slit of 0.5, scattering slit of 0.5
and receiving slit of 0.15 mm. In the use of the Bruker D8 Discover,
all XRD measurements were performed using a Ge (400) double
bounce monochromator, 1.0 mm diameter collimator and 0.2 mm
slit. The XRC measurements for symmetric (0002) plane of GaN
layers were performed in a step scan mode with a step of 0.0025,
using a single bounce crystal analyzer in front of the detector. The
XRCmeasurements for asymmetric (1012) plane of GaN layers were
performed in a step scan mode with a step of 0.02, using receiving
slit of 0.5 mm. Cross-section of the GaN layer was observed using
transmission electron microscope (TEM, Hitachi H-9000NAR)
operated at 300 kV. Surface morphology of the grown GaN layer
was observed using both scanning electron microscope (SEM, JEOL
JSM-5310LVB) and atomic force microscope (AFM, JEOL JSPM-
5200). In the SEM measurement, the operating voltage was set at
20 kV. The AFMmeasurement was performed in contact mode. The
cross-section SEMmeasurement was used to evaluate the thickness
of GaN layer.
3. Results and discussion
3.1. GaN layers on Al2O3
The growth rate of GaN layer is shown as a function of substrate
temperature in Fig. 1, where the N2 composition ratio in N2/Ar
mixture gas is 40%. When the substrate temperature is increased,
the growth rate decreases considerably, and at above 1000 C those
became very low. This will predominantly be due to the desorption
of precursors absorbed on the growing layer surface and/or partial̅thermal decomposition of growing GaN. The growth rate in the
MBE process [15,16] has been estimated by amass transport limited
model with a difference between the input partial pressure and the
equilibrium partial pressure at the substrate surface of group III
element under the condition of a ratio V/III more than 1, where V
and III are input partial pressures of group V and III elements,
respectively. The growth rate r is expressed as
r ¼ k

P0III  PIII

; (1)
where k is a constant, PIII0 the input partial pressure at the substrate
surface of group III element, and PIII the equilibrium partial pressure
at the substrate surface. In the sputtering process several kinds of
neutral and ionic species will predominantly contribute in the
growth process, and accordingly a reactive-ion molecular-beam
epitaxy (RIMBE) process reported by Powell et al. [17] may be close
to the our sputtering process. The RIMBE process is based on a
precursor-mediated chemisorption model, where two kinds of
precursors of Ga and N2þ are assumed as incident elements on the
substrate surface. The growth rate R is expressed as
(2)
where x ¼ JN2þ/JGa, f is the fraction of energetic incident N2þ ions
which is accommodated and bonds to chemisorbed Ga, JN2þ the inci-
dent ﬂux of N
2
þ, JGa the incident ﬂux of Ga, and q the coverage of
chemisorbed Ga. The value q depends considerably on substrate
temperature, and activation energies in the average residence time
of free Ga on the substrate surface prior to thermal desorption and
also both forward reaction rate and reverse reaction rate constants.
The calculated values expressed well the experimental values [17].
The normalized growth rates evaluated by these two kinds growth
models are also presented in Fig. 1. Several parameters, especially
activation energies mentioned above, are adjusted in order to close
the model to the experimental values around 800 C of substrate
temperature in the case of RIMBE process. The calculated values
indicate rapid decrease at around 800 and 1000 C for RIMBE and
MBE process models, respectively. In comparison with the experi-
mental results, the experimental values decrease moderately, and
exist between both calculated values against the substrate
8000
6000
4000
2000
0
11001000900800700600
X
R
C
 F
W
H
M
 [a
rc
se
c]
GaN/Al2O3
GaN(0002)
40% N2
Fig. 3. FWHM values of XRC for (0002) plane of GaN layers, depending on substrate
temperature. N2 composition ratio in source N2/Ar mixture gas is 40%.
H. Shinoda, N. Mutsukura / Vacuum 125 (2016) 133e140 135temperature in a range of 800e1050 C. This indicates that real
surface reaction on the growing ﬁlm surface in the sputtering
process may be more complicated, because many kinds of atoms,
molecules and ions will contribute in addition to atomic Ga and N2þ
ions, so that further precise discussion will be needed.
Fig. 2 shows XRD pattern of a representative GaN layer grown on
Al2O3 (0001) substrate at 40% N2 composition ratio. The XRD
measurement was performed using a CuKa radiation and a normal
2q/q scan mode. From the XRD pattern, only three diffraction peaks
due to wurtzite-type (0002) and (0004) planes of GaN layer and
(0006) plane of Al2O3 substrate were observed, which indicated
that c-axis preferred GaN layer was grown on Al2O3 substrate. The
X-ray pole-ﬁgures indicated that all of GaN layers on Al2O3 (0001)
substrates were epitaxially grown single crystals, and a-axis of the
GaN layer rotated by 30 toward that of Al2O3 (0001) substrate [11].
Fig. 3 shows the FWHM value of XRC for (0002) plane of GaN layer
grown at 40% N2 composition ratio, depending on substrate tem-
perature. When the substrate temperature is increased, the FWHM
value is decreased considerably until to 750 C, and then decreases
gradually. At substrate temperatures more than 850 C the crys-
talline quality becomes stable. Fig. 4 shows the surface SEM images
of GaN layers grown at various substrate temperatures. The GaN
layer surface is very rough at 650 C, and at 750 C a textured
structures appeared. When the substrate temperature is increased
up to 830e950 C, the GaN layer surface becomes relatively
smooth. At 1050 C many pits are observed over the grown surface.
From the results on the FWHM value of XRC and also on the surface
SEM image, the substrate temperature around 900 C may be
critical growth condition in our work. The growth of GaN layer in
the MOVPE has been normally performed at higher temperature
around 1000 C and at around atmospheric pressure under con-
ditions at where GaN is thermodynamically stable [18]. On the
other hand, in theMBE and the sputteringmethods, the GaN crystal
growth has been carried out at much lower pressure, and the
growth temperature was normally restricted to lower temperature
(less than 920 C) than in the MOVPE, due to rapid decomposition
of the compound in high vacuum environment [8,9,11e14]. Our
critical growth condition mentioned above exists in thermody-
namically unstable region [18], and accordingly a great amount of
defects may be introduced inside the growing GaN layer.
The increase of N2 composition ratio in the N2/Ar mixture gasFig. 2. XRD pattern of a representative GaN layer grown on Al2O3 (0001) substrate. N2
composition ratio in source N2/Ar mixture gas is 40%.will bring both the decrease in the Ga ﬂux density and the increase
in the nitrogen ﬂux density onto the growing surface of GaN layer.
Fig. 5 shows the growth rate of GaN layer grown at 900 C
depending on N2 composition ratio. When the N2 composition ratio
is increased, the growth rate increases until 25%, and then de-
creases. This result suggests that the growth of GaN layer is thought
to be limited by the nitrogen ﬂux density until 25%, and at N2
composition ratios more than 25% it may be limited by the Ga ﬂux
density. The trend in the data until 25% was well expressed by the
growth model mentioned before as a function of JN2þ/JGa ratio in the
RIMBE process [17].
Fig. 6 shows the FWHM values of XRC for (0002) plane of GaN
layers grown at 900 C depending on N2 composition ratio. The
FWHM values decreases with decreasing N2 composition ratio until
6%, and then increases dramatically. The FWHM values at 6% of N2
composition ratio indicates approximately 280 arcsec, which was
evaluated by Rigaku RINT-2000. The FWHM value of XRC depends
on both measuring equipment and setting condition. As a refer-
ence, a commercially supplied GaN/Al2O3 template grown by
MOVPE was measured by the same equipment, and then the value
of approximately 400 arcsec for (0002) plane was obtained. How-
ever, a supplier evaluates the same GaN/Al2O3 template with the
value of 300 arcsec, asmentioned before. Thus, the resolution in the
measurements of XRC for our Rigaku RINT-2000 equipment was
considered to be not enough, and another equipment (Bruker D8
Discover) which could evaluate the XRD with high resolution, was
then utilized. The XRCs for (0002) and (1012) planes of the GaN
layer grown at 6% N2 composition ratio are shown in Figs. 7 and 8,
respectively. The ﬁlm thickness of the GaN layer was about 330 nm.
The XRC for (0002) plane can be deconvoluted into two kinds of
peaks by curve ﬁtting. The FWHMvalues of these narrow and broad
peaks in the XRC for (0002) plane are 27 and 338 arcsec. Fig. 9
shows a cross-sectional TEM (XTEM) image of the GaN layer on
Al2O3. It demonstrates the presence of highly c-axis oriented
columnar domains and disordered structure inside the GaN layer,
which will correspond to the narrow and broad peaks, respectively.
The 27 arcsec for narrow peak is much lower than the smallest
value (240 arcsec) of GaN layer grown on Al2O3 substrate by sputter
epitaxy [10], and is comparable with that for a bulk GaN grown by
sublimation technique [19]. For GaN layers grown on Al2O3 sub-
strates by MOVPE, the FWHM values of 96e400 arcsec for (0002)
plane were obtained [6,20,21], and for those by MBE, the FWHM
values of 210e360 arcsec were obtained [8,14,22]. These results
Fig. 4. Surface SEM images of GaN layers grown at substrate temperatures between 650 and 1050 C. N2 composition ratio in source N2/Ar mixture gas is 40%.
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Fig. 5. Growth rate of GaN layer at 900 C, depending on N2 composition ratio in
source N2/Ar mixture gas.
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Fig. 6. FWHM values of XRC for (0002) plane of GaN layers grown at 900 C,
depending on N2 composition ratio in source N2/Ar mixture gas.
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portion of the GaN layer is obtained in this work. On the other hand,
the XRC for (1012) plane is extremely wide, and the FWHM value is
2515 arcsec as shown in Fig. 8. From these results, it was under-
stood that columnar GaN domains with narrow tilt and wide twist
angles were grown in our GaN layer. Furthermore, from the high
resolution XRD reciprocal space maps around (0002) and (1124)
planes of the GaN layer grown at 6% of N2 composition ratio, the a
and c lattice constants were calculated to be 0.3182 and 0.5196 nm,
respectively, while those of GaN bulk are 0.3189 and 0.5185 nm,
respectively. Therefore, the grown GaN layer is thought to be not
fully relaxed.
The AFM images (3  3 mm2) of GaN layers grown at 900 C,
depending on N2 composition ratio, are shown in Fig. 10. At all N2
composition ratios examined, no Ga droplet was observed on thesurface of GaN layer. These images indicate a ﬂat surface at 3e12%
N2, a nanosized grainy or an individually nanosized columnar
structures at 25% N2 and a pyramidal-facet structures at 40% N2. The
determined surface root-mean-square (RMS) roughness value for
the scanning area was decreased with the decreasing N2 compo-
sition ratio, and at 3e12% N2 the RMS roughness values are very
low, approximately 1.0 nm. This result suggests that the crystal
growth under Ga-rich condition brings a ﬂat surface, which is
similar to the result reported for GaN layer grown by MBE [14].
3.2. GaN layers on GaN/Al2O3 templates
Typical MBE growth condition at which GaN is unstable, cause
reverse reaction during the growth, and this may result in the
formation of defects on the growing surface [18,23]. Moreover, the
difﬁculty of the initial growth on Al2O3 substrate surface in theMBE
140
120
100
80
60
40
20
0
x1
03
-0.3 -0.2 -0.1 0.0 0.1 0.2 0.3
ω [degree] 
FWHM:
27 arcsec FWHM:
338 arcsec 
GaN/Al2O3 
GaN(0002) 
900 ºC 
6% N2
In
te
ns
ity
 [a
rb
. u
ni
ts
] 
Fig. 7. XRC for (0002) plane of GaN layers grown at 900 C. N2 composition ratio in
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2) plane of GaN layers grown at 900 C. N2 composition ratio in
source N2/Ar mixture gas is 6%.
Fig. 9. XTEM image of GaN layers grown at 900 C. N2 composition ratio in source N2/
Ar mixture gas is 6%.
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erties. There are thought to be primary reasons why MOVPE GaN
and related layers are superior in performance of commercial op-
toelectronic devices. However, it has been reported that homo-
epitaxial grown GaN layer on Ga-face of bulk GaN substrate by
the MBE is superior for the purpose of device application [25]. This
means that the homoepitaxy brings the high quality GaN layer even
at thermodynamically unstable environment. Therefore, we also
tried to prepare GaN layer by homoepitaxy on GaN/Al2O3 template
using sputtering technique. During the growth of the GaN layer, the
N2 composition ratio in N2/Ar mixture gas was kept at 40%, and the
thickness of GaN layer was normally kept at around 1 mm.
In order to examine the tilt and twist components of the hex-
agonal GaN, XRCs for (0002) and (101
̅
2) planes were measured. The
XRCs for (0002) and (101
̅
2) planes of the GaN layers grown on GaN/
Al2O3 template at various substrate temperatures are shown in
Figs. 11 and 12, respectively. In both Figs. 11 and 12, the XRCs at 800
and 860 C have a relatively broad tail, and those can be decon-
voluted into two peaks, which were obtained by pseudo-Voigt ﬁt-
tings, whereas the XRCs at above 890 C have a single peak. Fig. 13
shows the XRC together with pseudo-Voigt ﬁtting curves for (0002)
plane of the GaN layer grown at 800 C. The FWHMs of both sharp
and broad peaks were 298 and 586 arcsec, and are associated with
GaN template and GaN layer, respectively, because the FWHMvalue
of GaN template was labeled to be 300 arcsec. Figs. 14 and 15 show
the FWHM values of XRCs for (0002) and (101
̅
2) planes depending
on substrate temperature, respectively. When the substrate tem-
perature was increased, both FWHM values were decreased until
890 C, and then were almost constant at 300 and 310 arcsec for
(0002) and (101
̅
2) planes, respectively, which were similar to those
of GaN template. When GaN layer was grown directly on Al2O3
(0001) substrate at 900 C and 40% N2 condition, the FWHM values
for (0002) and (101
̅
2) planes were about 900 and 2300 arcsec,
respectively. The GaN layer grown on GaN/Al2O3 template indicated
the very low FWHM values in comparison with that on Al2O3
substrate, and thus the crystalline coherency was signiﬁcantly
improved. Kubo et al. [25] have reported that the FWHM values for
(0002) plane of homo-epitaxial grown GaN layers on Ga- and N-
faces of bulk GaN single crystals by reactive MBE, were 144 and 276
arcsec, respectively. These FWHM values were almost similar to or
lower than those of bulk GaN crystals (around 200e250 arcsec).
The homoepitaxy by sputtering method as well as by MBE could
make superior GaN single-crystalline layer. In the growth of GaN
layer on Al2O3 substrate surface by the sputtering method, the
optimization of growth condition and the use of buffer layer may
produce superior GaN single-crystalline layer. According to Shimizu
et al. [24], the use of islandlike GaN buffer material formed by
repetition of thin LT GaN buffer layer deposition and annealing
process in MBE system, has been able to improve the crystalline
quality of GaN layer. In our sputtering method, such repetition
process may be effective.
Junaid et al. [13] have reported that the total threading dislo-
cation density of GaN layer grown directly on Al2O3 (0001) sub-
strate by reactive DC magnetron sputter epitaxy, was
~8(±1)  109 cm2, and that the edge-type threading dislocations
were the dominant dislocations in the GaN layer. (The edge-type
threading dislocation density was about 80% of the total thread-
ing dislocation density.) The threading dislocation density can be
estimated from the FWHM values of XRCs. The screw- and edge-
type threading dislocation densities (NS and NE, respectively) in
GaN layer were calculated using [26].
NS ¼ b2S
.
4:35jbSj2

; (3)
Fig. 10. Surface AFM images (3  3 mm2) of GaN layers grown at substrate temperatures of 900 C, depending on N2 composition ratio in source N2/Ar mixture gas.
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.
4:35jbEj2

; (4)
where bS and bE are the Burgers vectors of the screw and edgecomponents (bS¼<0001 > and bE¼ 1/3< 112
̅
0>), respectively, and
also bS and bE are the mean tilt and twist angle, respectively. When
the substrate temperature was increased from 800 C up to more
than 890 C, the NS was decreased from approximately 6.9  108
until to 1.7  108 cm2, and NE was dramatically decreased from
approximately 4.0 1010 until to 5.1 108 cm2. On the other hand,
the NS and NE of the GaN layer directly grown on Al2O3 (0001)
substrate at a relatively high substrate temperature of around
900 C, were 1.5  109 and 2.7  1010 cm2, respectively. These
were larger by one or two orders of magnitude than those of the
GaN layers on GaN/Al2O3 template.
4. Conclusions
The epitaxial growth of GaN layer was performed by reactive RF
magnetron sputtering method. GaN layers were directly grown on
both Al2O3 (0001) substrates and GaN/Al2O3 templates without any
buffer layers. At the Al2O3 (0001) substrate, when the substrate
temperature was increased from 600 to 1050 C, both the growth
rate and the FWHM value of XRC for (0002) plane were decreased.
The surface morphology of GaN layer grown at around 900 C was
relatively smooth. The variation of N2 composition ratio in source
N2/Ar mixture gas could change the density of Ga ﬂux and that of
nitrogen ﬂux reaching onto growing GaN layer surface, and the
decrease of N2 composition ratio brought Ga-rich growth condition.
When the N2 composition ratio was decreased from 40 to 6%, both
the FWHM value of XRC for (0002) plane and the value of surface
RMS roughness were decreased. At 900 C and 6% N2, the FWHM
values of XRC for (0002) plane were 27 and 338 arcsec for highly c-
axis oriented columnar domains and disordered structure inside
the GaN layer, respectively, and that for (101
̅
2) plane was 2515
arcsec. The surface morphology of GaN layer grown under the Ga-
rich condition became extremely smooth, and the value of surface
RMS roughness was approximately 1.0 nm.
At the GaN/Al2O3 template prepared by an MOVPE, the FWHM
values of XRCs for both (0002) and (101
̅
2) planes of grown GaN
layers, were decreased with the increase of substrate temperature.
At above 890 C, the FWHM values were similar to those of MOVPE-
grown GaN template, which were approximately 300 and 310
arcsec for (0002) and (101
̅
2) planes, respectively. The screw- and
edge-type threading dislocation densities were estimated by the
FWHMvalues of XRCs. At substrate temperaturesmore than 890 C,
the edge-type threading dislocation density was considerably
decreased by about two orders of magnitude than that of GaN layer
on Al2O3 substrate. These results suggest that superior GaN single-
crystalline layer can be grown also by reactive RF magnetron
sputter epitaxy.
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